-ATPase on the basis of the known atomic resolution structure of SERCA. Additional sites are predicted that may be associated with intracellular access and extracellular egress pathways for Na + . The model predictions are in excellent agreement with previous structure-function and electrical studies.
I t has become clear that "despite the practically unlimited number of protein sequences, the number of . . . protein folds seems . . . to be relatively small with probably no more than 10,000 folds in existence" (2) . This makes evolutionary sense. There is little doubt that protein families are monophyletic (have a common ancestor) whose folding pattern has been highly conserved, because the fold is essential for their biological function. The similarity within a protein family goes beyond preservation of the backbone structure and includes the structures essential for the particular biochemical reaction step, such as ATP binding or hydrolysis, that it catalyzes. It is not surprising that large proteins are assemblies of domains having distinct functional roles in the overall sequence of biochemical reaction steps catalyzed by the protein. An excellent example of an assembly of functional domains is shown in Fig. 1 , which is a representation of the structure of the Ca 2+ pump of the sarcoplasmic reticulum (SERCA) determined at atomic resolution by X-ray crystallography by Toyoshima et al. (12) . Domains for nucleotide binding (N), phosphorylation (P), and activation (A) are indicated. These intracellular domains regulate the accessibility of two Ca 2+ binding sites within the membrane domain (gray spheres).
A single structure, even at atomic resolution, is helpful but does not provide all of the information required to obtain an atomic-level understanding of the mechanism of ion transport. Investigations of active transport of Ca 2+ are now focused on the structural changes that occur during the cycle of ATP hydrolysis and ion translocation. A major step toward a detailed understanding of the mechanism of active transport of Ca 2+ was made recently with the publication of a second crystal structure of SERCA at 3.1-Å resolution with no bound Ca -free) forms of the enzyme. These are the stable conformations of an alternating access mechanism of ion transport in which Ca 2+ is bound at the myoplasmic face of the enzyme and released into the sarcoplasmic reticulum.
Homology modeling of the Na + pump
Homology modeling can be used to infer detailed structural and mechanistic information about a closely related P-type ATPase, the electrogenic Na + pump (Na + -K + -ATPase). Sweadner and Donnet (10) pointed out the close structural similarity of the Na + -K + -ATPase and SERCA. They used the gapped BLAST algorithm of the Cn3D utility program and threaded the Na + pump sequence onto the known structure of SERCA to examine the topological location of specific residues. They concluded that the Na + pump and SERCA share the same fold. The next logical step is to predict the detailed three-dimensional structure of the Na A valence-mapping program (VALE) was used to find the putative Na + binding sites in the predicted Na + pump structure (courtesy of Drs. Enrico Di Cera and Thierry Rose; Washington University, St. Louis, MO). The electrostatic valence is based on principles formulated by Pauling more than 60 years ago. An empirical relationship for bond strength, or valence (X) contributed by a given coordinating oxygen is given by X = (R/R 1 ) N , where R is the distance from the oxygen to the cation, R 1 is the value of R giving X = 1, and N is an empirical constant. Values of R 1 and N have been determined for various cation-oxygen pairs by analysis of crystals of metal oxides. The overall site valence is calculated by summing over all of the ligating oxygens. The VALE program calculated the theoretical valence on a three-dimensional grid of points spaced at 0.1-Å intervals superimposed on the predicted pump structure (3, 4) . Five putative Na + binding sites were identified in the transmembrane domain or at its margin that had a calculated site valence of >0.8. These five putative Na + binding sites are shown in Fig. 2 . Two loci having site valences of 1.21 and 0.92 were found that closely correspond to the two Ca 2+ binding sites of SERCA. A third site was located between helical segments 6 and 7 and was found to closely correspond to the intracellular access site postulated by Shainskaya et al. (9) . Two sites that may play a role in the release of Na + to the extracellular medium were also identified. Independent of our work, Ogawa and Toyoshima (5) achieved the remarkable success of predicting the location and detailed coordination geometry of all three Na + and both K + binding sites in the human Na + -K + -ATPase. Two additional pieces of information allowed them to achieve this goal. By introducing water molecules into the cavities of the protein by using the WHATIF utility program, they predicted a third Na + binding site in close proximity to Na + sites 1 and 2. Two water molecules are required to complete the coordination shell of site 3. These increased the calculated site valence to 0.96. The availability of a three-dimensional structure for SERCA without bound Ca 2+ (11) allowed prediction of the location of the two K + binding sites. The oxygen atoms that are predicted to coordinate Na + in the human and Xenopus Na + -K + -ATPase are listed in Table 1 . It is remarkable how well these predictions agree with previous site-directed mutagenesis studies of ion binding by the Na + pump. Ogawa and Toyoshima (5) provide an excellent discussion of this agreement with previous work. There is little doubt that their predictions are correct in their essential features. The details of the molecular architecture, however, remain to be verified by other methods.
Qualitative agreement of the predicted structure with electrical measurements
In addition to being consistent with various results from studies of the effects of mutations on ion binding, the predicted location of the Na + and K + binding sites is consistent with electrical measurements of the dielectric distances for ion binding and release. The dielectric distance corresponds to the fraction of the membrane potential that is sensed by the ion at its binding site. This provides a rough estimate of the fractional physical distance at which the binding site is located. Various estimates of the dielectric distance for release of Na + to the extracellular medium give a value of ~0.65 (6). The dielectric distance for extracellular K + binding is smaller and has a value of ~0.27 (7). This is in general agreement with the structural predictions of Ogawa and Toyoshima that place the Na + binding sites one helical turn deeper within the pump molecule than those for K + binding. The putative intracellular Na + access site proposed based on the Xenopus structure at the internal junction of M6 and M7 is consistent with a relatively shallow depth for intracellular Na + binding (dielectric coefficient ~ 0.25) (1) . Much more detailed calculations of the profile of the electrical field within the membrane domain will be required to make a more quantitative comparison of the structural predictions and electrical results.
Ogawa and Toyoshima's homology model represents a milestone in our progress toward understanding the molecular mechanism of Na + pump operation. Its value is the ability to make detailed atomic-level hypotheses about the pump mechanism directly from the postulated structure. These predictions can be tested by site-directed mutagenesis and augmented by other modeling techniques such as molecular dynamic simulation of partial reaction steps. A comparison of the structural prediction of Ogawa and Toyoshima with ours serves to illustrate both how robust these modeling results are and how they can be used to make further detailed predictions of molecular function. residues in the unknown and known structures. This can be done with gapped BLAST utility programs, with or without subsequent manual adjustments. Ogawa and Toyoshima chose to manually adjust their initial alignment of the human Na + -K + -ATPase D 1 -subunit obtained from the program DIALIGN using information derived from comparison of known Na + pump sequences in the transmembrane helical segments that varied principally in the lipid-facing part of the packed helical structure. Their final alignment, however, was identical to that used by Sweadner and Donnet (10), who did not attempt this manual adjustment. The success of alignment algorithms depends strongly on the percent identity of the two sequences to be aligned. Although the overall sequence identity between SERCA and the Na + pump is ~27%, the identity is much higher in highly conserved regions of the molecule and in the D-helical transmembrane segments where the ion binding sites are located. Figure 3 shows a comparison between the alignment we used for SERCA and the D 1 -subunit of the Xenopus Na + pump and that used by Ogawa and Toyoshima to align the human D 1 -subunit sequence of the Na + pump with SERCA. Note that we have chosen a numbering convention that conveniently makes corresponding residues in the Xenopus and human sequence identical in the regions of interest. In M4, the residues that bind Ca 2+ in four positions of SERCA (indicated by #) correspond precisely to four positions that bind Na + in the Xenopus (x) and human (*) Na + pump. Note the change, however, from Ile 309 in SERCA to Val 332 in the Na + pump sequences. Although our alignment of Xenopus with SERCA predicted a gap of four residues opposite fkia, and that of Ogawa and Toyoshima does not, the subsequent alignment starting from IGII . . . is identical and the gap caused no difficulty in predicting the coordinating oxygens that straddle the Pro 333 kink in the M4 helix. Note also that, although the automated alignment program has difficulties in M7 (a segment that contains no groups that are involved in ion binding), subsequent regions of high sequence identity with SERCA bring the Xenopus and human sequences back in register.
Robustness of homology model predictions

Effect of including water in the homology model
Although Ogawa and Toyoshima chose to include water molecules (somewhat arbitrarily located) in cavities within their model, the absence of water molecules in our homology Table 1 ). Since Ala 330 also was found to coordinate the Na + ion at site 2, we suggest that it may have a dual role in the sequence of transitions that are involved in the occupancy of Na + sites as water and ions pass this locus during the 
